Item record/more information http://hdl.handle.net/10197/6607 Heck) and the substrate (Ar-Br vs. Ar-Cl). These differences suggest that judicious choice of donor groups in pincer-type complexes is a viable strategy for catalyst optimization.
donor groups in pincer-type complexes is a viable strategy for catalyst optimization. 
Introduction
Organometallic pincer-type complexes featuring a M-C bond that is supported by different sets of chelating donor groups have found widespread application in catalysis [1] .
Polydentate ligation enhances the stability of the metal-carbon bond and thus prevents metal leaching. In addition to the incorporation of classic N, P, S, and O-donor groups for chelation, N-heterocyclic carbenes (NHCs) [2] have become increasingly popular in the design of such pincer-type ligands over the last decade [3] , in particular due to their exceptional success in transition metal catalysis [4] and beyond [5] . As strong σ donors that bind tightly to a broad range of (late) transition metal centers, NHCs are generally [6] useful spectator ligands to prevent complex decomposition [4] . The benefit of combining NHC ligands in a pincer ligand scaffold for metal coordination has been exploited with various types of NHC systems including for example imidazolylidenes [7] , benzimidazolylidenes [8] , pyridylidenes [9] , and triazolylidenes [10] .
While originally, pincer ligands were C2-symmetric and featured two identical donor sites in mutual trans position [11] , recent work has increasingly focused on dissymmetric tridentate systems that combine ligating groups with different donor characteristics to support the M-C bond [12] . While neutral, soft [13] donors stabilize low-valent metal centers, anionic, hard donors in contrast enhance the stability of high-valent and electron-poor metals, and such bonding principles have recently started to emerge also with NHC complexes [14] .
The design of ligands that possess both neutral and anionic donor sites may thus be of great benefit in catalytic applications for stabilizing critical transition states and for enabling concerted reaction pathways. Specifically, such a ligand design is expected to be advantageous for catalytic cycles that involve redox processes which require the accessibility of both high-and low-valent metal centers. Cross-coupling catalysis provides an attractive probe for this concept since stabilization of Pd 0 and Pd II oxidation states is required for the Ar-X activation and the C-C bond forming steps, respectively [15] . While a few examples of NHC palladium complexes are known that contain both neutral and anionic donors (Figure 1) [16], only one of these complexes was investigated in catalysis. Complex C with a weakly coordinated sulfone ligand showed good activity in Suzuki-Miyaura cross-coupling reactions using aryl bromides as substrates [16c] . 
Results and discussion

Synthesis and modification of ligand coordination modes
The synthetic route to the preparation of the benzimidazolium ligand is shown in Scheme 1. N-methyl-2-chloromethyl benzimidazole 1 was prepared via standard procedures [17] , and reacted with benzimidazole in the presence of KOH to form 2 as a white crystalline solid. The formation of 2 was confirmed in the 1 H NMR spectrum by the emergence of a singlet at 7.99 ppm for the NCHN proton. Also, the presence of four new aromatic protons of equal integration for the new benzimidazole supported formation of 2. The singlet for the CH 2 group shifted significantly downfield from 4.85 ppm in 1 to 5.65 ppm in 2. Compound 2 was then reacted with t-butyl bromoacetate to give the azolium salt 3. Upon formation of 3, the compound was no longer soluble in CDCl 3 . Formation of the azolium salt was indicated in the 1 H NMR spectrum by the new lowfield signal at 9.90 ppm for the acidic NCHN proton.
Moreover a new singlet emerged at 1.49 ppm with correct integration for the nine protons of the t-butyl group. Figure 2 ) features a square-planar palladium center with a N,C-bidentate chelating benzimidazole-benzimidazolylidene ligand. The Pd-C bond length is 1.9760(19), which is slightly longer than in related Pd-benzimidazolylidene complexes [19] . The complex crystallized with a 5:3 ratio of chlorides and bromides coordinated to the palladium center due to the presence of a Br -counterion in the ligand and Cl -ions in the metal precursor. From the X-ray structure, the COOtBu arm is in proximity to one of the halides bound to the metal center. Due to chelation of the NHC ligand, rotation about the N(4)-CH 2 bond is presumably limited. This steric restriction may rationalize the splitting of the 1 H NMR resonance of this CH 2 group into a AB doublet [20] . Accordingly, the AB pattern of a methylene signal is not per se evidence for chelation. Further evidence that the AB doublet is not associated with metal bonding was obtained from analysis of the carbonyl stretch vibration by IR spectroscopy. A band at 1740 cm -1 was observed both for the ligand precursor 3 and in the palladium complex 4, indicating no significant perturbation of the ester group as would be expected from ester coordination.
Figure 2
Ortep representation of 4 (50% probability level, hydrogen atoms omitted for clarity). Scheme 2 Synthesis of complexes 5 and 7 containing a pending or coordinated carboylate group, respectively.
Acid deprotection was also prerformed from the ligand precursor 3 prior to palladation, thus affording compound 6 in moderate yields. Noteworthy, the deprotection of the ligand proceeds in lower yields than the deprotection of the complex (48% vs. 78%). Upon palladation starting from the deprotected ligand 6, the tridentate coordinated Pd complex 7 was obtained exclusively. Complex 7 was also prepared via transmetalation using Ag 2 O and PdCl 2 as the transmetalating agent. Two equivalents of Ag 2 O were needed to form the complex, whereas no metalation was observed when only one equivalent was used. This outcome is presumably due to the presence of two competing acidic sites for deprotonation, CH 3 COOH had no effect on 7. This reactivity pattern is presumably due to the need of a strongly coordinating anion to displace the carboxylate donor group in combination with the stability of the chelate. Complex 7 was stable towards base. One equiv. NaOH (1 M) had no apparent effect on the complex, and only after the introduction of a large exess (>10 equiv.) decomposition started to be observed. The addition of 1 equiv. base such as NaOH, NaOAc and NEt 3 to the N,C-bidentately bound Pd complex 5 induced coordination of the carboxylate group and formation of the tridentate chelate 7. These reactions were also scaled up and have been carried out on a 500 mg scale and demonstrate a flexible behavior of the pincer ligand and hemilabile coordination.
Cross-coupling catalysis
The palladium(II) complexes 4, 5 and 7 were tested in the Suzuki-Miyaura coupling of deactivated aryl bromides (bromoanisole) and activated aryl chlorides (chlorobenzaldehyde)
with phenylboronic acid at mild temperatures (50 °C, Table 2 ) [23] . Low temperatures were chosen to prevent the formation of colloidal particles as much as possible [24] . Under these conditions, the bidentate coordinated Pd complex 5 shows the highest activity with moderate to good conversions (Table 2, Complexes 4, 5 and 7 were also tested in the Mizoroki-Heck olefination of aryl bromides (Table 3) [26] . Higher efficiencies were obtained for substrates with a methoxy substituent in para rather than meta position. Highest conversions were obtained with the tridentate coordinated Pd complex 7 as catalyst precursor (entries 3 and 6). Complex 4 and 5 possessing only neutral donors gave similar conversions, which were substantially lower than those achieved with the tridentate chelate 7 (entries 1, 2, 4, and 5). Even though the general reaction conditions are mildly basic (NaOAc) and thus similar to those applied for the transformation of bidentate ligand in complex 5 into a tridentate system in complex 7, the different productivity of these two complexes implies that the catalytically active species are different. This difference is worth noting since unlike Suzuki-Miyaura cross-coupling reactions, Mizoroki-Heck olefination does not feature an acidic substrate for capturing the added base. Potentially, the carboxylic acid wingtip group in 5 may change the proton transfer (pH), thus accounting for the low conversion. Alternatively, the presence of HOAc as the product from chelation of the carboxylate when starting with complex 5 may induce nonproductive side reactions such as hydro-dehalogenation. Attempts to improve catalysis by abstracting the chloride ligand in complex 7 with AgBF 4 only gave catalytically inactive species and no product formation was observed even after 24 h. This result may be due to the formation of a bimetallic system [27] . General reaction conditions: styrene (560 µmol), NaOAc (440 µmol), bromoanisole (400 µmol) and palladium complex (1 mol%) in DMA (3.0 mL) at 50°C, 2 h; NMR spectroscopic yield.
Conclusion
Novel chelating benzimidazolylidene palladium(II) complexes were prepared and fully 
Experimental
General comments
N-methyl-1-chloromethylbenzimidazole was prepared via reported procedures [17] . All other starting materials and reagents were obtained from commercial sources and were used as received unless otherwise stated. NMR spectra were recorded on Varian spectrometers operating at 400 or 500 MHz. Chemical shifts are reported in δ (ppm) relative to internal Me 4 Si in CDCl 3 or residual protio solvents. 13 C NMR signals were assigned with the aid of two-dimensional cross-coupling experiments. For NMR assignments, bimi refers to the 1,3-disubstituted benzimidazole and Me-bimi refers to 1-methyl-2-substituted benzimidazole. IR spectra were obtained on a FTIR spectrometer, and are reported here in units of cm -1 .
Elemental analysis was performed on an Exeter Analytical CE440 elemental analyzer. Highresolution mass spectrometry was carried out with a Micromass/Waters Corp. USA liquid chromatography time-of-flight spectrometer equipped with an electrospray source. 
Synthetic procedures
Synthesis of 6.
Compound 3 (0.5 g, 1 mmol) was dissolved in CH 2 Cl 2 (10 mL) in an ice bath.
Trifluoroacetic acid (3.5 mL, 43 mmol) was added dropwise to the solution, which was left Heck cross coupling catalysis: Catalyst (1 mol%), styrene (64 µL, 560 µmol), NaOAc (36 mg, 440 µmol), bromoanisole (400 µmol), and DMA (3 mL) were added to a schlenk flask equipped with magnetic stirrer. The reaction mixture was placed in a pre-heated oil bath at 110 °C for 24 h. The mixture was quenched with H 2 O (25 mL) and extracted with CH 2 Cl 2 (3 × 25 mL). The combined organic layers were dried over MgSO 4 , filtered, and evaporated in vacuo.
Crystallographic details
Crystal data for 4 were collected using an Agilent Technologies SuperNova A diffractometer fitted with an Atlas detector and using monochromated Mo-K α radiation (0.71073 Å). A complete dataset was collected, assuming that the Friedel pairs are not equivalent. An analytical numeric absorption correction was performed [24] . The structure was solved by direct methods using SHELXS-97 [29] and refined by full matrix least-squares on F 2 for all data using SHELXL-97 [29] . Hydrogen atoms were added at calculated positions and refined using a riding model. Their isotropic thermal displacement parameters were fixed to 1.2 times (1.5 times for methyl groups) the equivalent one of the parent atom. Anisotropic thermal displacement parameters were used for all non-hydrogen atoms. Disordered solvent was treated with the SQUEEZE procedure as implemented in PLATON [30] . Further crystallographic details are compiled in Table 4 . CCDC number 999440 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
